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Recent experimental developments towards obtaining a very precise value of the third neutrino
mixing angle, θ13, are summarized. Various implications of the measured value of this angle are
briefly discussed.
PACS numbers: 14.60.Pq, 26.30.Hj
Keywords: Neutrino mass and mixing, reactor neutrino experiments, accelerator neutrino experiments, solar
neutrinos, supernova neutrinos, nucleosynthesis
I. INTRODUCTION
The distinction between electroweak eigenstates and the mass eigenstates of neutrinos, i.e. neutrino mixing, is
experimentally well-established. First indications of non-zero values of these mixing angles came from the observation
of the solar neutrino deficit. The angle θ12 was first measured with solar neutrino detectors and later more precisely
with reactor antineutrino experiments. The angle θ23 was measured from the oscillation of neutrinos produced in
the upper atmosphere by cosmic rays. In contrast, the remaining mixing angle, θ13, was poorly known. For a while
it was thought that θ13 may even be zero, since a null value implies a peculiar symmetry between second and third
generations (see e.g. Ref. [1]). However, as various neutrino experiments moved from the discovery stage to the
precision stage, the slight tension between solar and reactor neutrino experiments hinted a non-zero value of θ13 [2, 3].
A few years later, indications of electron neutrino appearances from accelerator-produced off-axis muon neutrinos at
the T2K experiment suggested a relatively large value of θ13 [4]. Soon after the first T2K results, Daya Bay reactor
neutrino experiment provided the first direct measurement of this angle [5], followed by the RENO reactor neutrino
experiment [6]. As the multi-detector configuration at the Daya Bay experiment gathers more data, very soon θ13
will be the best known neutrino mixing angle. A comparison of the results from three reactor experiments is shown
in Figure 1 and the current value of sin2 2θ13 measured at various experiments is shown in Table I.
The neutrino mixing matrix connects mass eigenstates to flavor eigenstates:
|νflavor〉 = T|νmass〉. (1)
FIG. 1: (Color online) Comparison of the three reactor experiments. Statistical errors are shown in heavier lines (black online)
and the systematic ones are shown in lighter lines (red online).
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2Experiment Measured sin22θ13
Daya Bay [7] 0.089± 0.010(stat)± 0.005(syst)
RENO [6] 0.113± 0.013(stat)± 0.019(syst)
Double Chooz [8] 0.109± 0.030(stat)± 0.025(syst)
T2K (assuming θ23 = pi/4) [9] 0.104 + 0.060− 0.045
TABLE I: Values of sin2 2θ13 measured at various experiments.
We adopt the following parametrization of this matrix:
T = T23T13T12 =
 1 0 00 C23 S23
0 −S23 C23

 C13 0 S13e−iδCP0 1 0
−S13eiδCP 0 C13

 C12 S12 0−S12 C12 0
0 0 1
 (2)
where Cij = cos θij , Sij = sin θij , and δCP is the CP-violating phase. Using the evolution operator, U, which satisfies
the evolution equation
i
∂
∂t
U = HU, (3)
the probability amplitude for transitions between flavor eigenstates α and β can be written as
A(να → νβ) = Tr(UR(αβ)), (4)
where R is the appropriate projection operator. For the electron neutrino survival probability this projection operator
is given as
R(ee) =
 1 0 00 0 0
0 0 0
 , (5)
and for the νµ → νe transition as
R(µe) =
 0 0 01 0 0
0 0 0
 . (6)
For vacuum oscillations one has
U = T
 exp(−iE1t) 0 00 exp(−iE2t) 0
0 0 exp(−iE3t)
T†, (7)
where Ei =
√
p2 +m2i . Noting
R(ee)T23 = R
(ee) (8)
one sees that the mixing angle θ23 drops out of the electron neutrino survival probability
1. The electron neutrino
survival probability then takes the form
P (νe → νe) = 1− sin2 2θ13
[
cos2 θ12 sin
2(∆31L) + sin
2 θ12 sin
2(∆32L)
]− cos4 θ13 sin2 2θ12 sin2(∆21L) (9)
where we defined
∆ij =
δm2ij
4E
=
m2i −m2j
4E
. (10)
Note that the sign of ∆ij is controlled by the neutrino mass hierarchy.
1 This is still true if the matter effects are also included [10].
3II. APPEARANCE VERSUS DISAPPEARANCE EXPERIMENTS
Reactor experiments aiming to measure θ13 detect the loss of the original electron antineutrino flux: they are
disappearance experiments integrating over muon- and tau-neutrino channels. The disappearance probability can be
easily written from Eq. (9) as
1− P (νe → νe) = sin2 2θ13
[
cos2 θ12 sin
2(∆31L) + sin
2 θ12 sin
2(∆32L)
]
+ cos4 θ13 sin
2 2θ12 sin
2(∆21L). (11)
Clearly if one is at close enough distances to the reactor, ∆21L ∼ 0 and the ”solar” oscillation represented by the
second term can be ignored. Using the fact ∆32 ∼ ∆31, suggested by the solar neutrino experiments, one obtains the
disappearance probability
1− P (νe → νe) = sin2 2θ13 sin2(∆31L). (12)
Hence the very short-baseline reactor neutrino experiments, such as Daya Bay, Double Chooz, and RENO, unam-
biguously measure θ13 without needing a knowledge of other neutrino mixing angles or the mass hierarchy. It should
be emphasized that multiple detector configurations currently employed in Daya Bay and RENO experiments also
obviate any need for the knowledge of original reactor neutrino flux.
The situation is rather different for experiments with longer baselines looking at the appearance of electron neutrinos
in a flux of muon neutrinos. One difference is that since neutrinos travel trough Earth, matter effects need to be
included. Another difference comes from the presence of other mixing angles. The resulting expressions are typically
very complicated, but can be calculated in a series expansion [11]. The appropriate appearance probability in the
lowest order is
P (νµ → νe) ∼ sin
2 2θ13 sin
2 θ23
(1−GFNe/
√
2∆31)2
sin2
[(
∆31 − GFNe√
2
)
L
]
+O(g), (13)
where we defined
g =
δm221
δm231
∼ 0.03. (14)
The next order correction in g to the electron neutrino appearance probability brings in an additional dependence on
the CP-violating phase in the neutrino mixing matrix. The denominator of the term multiplying the oscillating term in
Eq. (13) depends on the sign of δm2, i.e. the mass hierarchy of the neutrinos. Consequently, appearance experiments
such as T2K [9] and MINOS [12] cannot disentangle θ13 from other observables such as the mass hierarchy, the other
mixing angle θ23 and the CP-violating phase. Note that, at least in principle, a medium baseline (L ∼ 60 km) reactor
antineutrino experiment will also have some sensitivity to the neutrino mass hierarchy [13].
A detailed study investigating the physics potential of the experiments with a broad set of different beam, near-
and far-detector configurations is presented in Ref. [14].
III. IMPLICATIONS OF THE MEASURED VALUE OF θ13
A. Solar neutrinos
To extract θ13 from the solar neutrino data many times the formula
P3×3(νe → νe) = cos4 θ13 P2×2(νe → νe withNe cos2 θ13) + sin4 θ13 (15)
is used. This formula is obtained by expanding the full survival probability as a power series in sin θ13. (For different
derivations see Refs. [15] and [16]). Now that we know the actual value of θ13, we could ascertain how good an
approximation results from Eq. (15).
Corrections to this formula can be calculated as [15, 16]
P3×3(νe → νe) = cos4 θ13(1− 4 sin2 θ13α) P2×2(νe → νe withNe cos2 θ13) + sin4 θ13(1 + 4 cos2 θ13α). (16)
where we introduced
α =
1
∆32 + ∆31
√
2GFNe(r = 0). (17)
4The value of the quantity α increases with increasing neutrino energy. Hence to calculate the largest correction we
calculate it at 10 MeV, where the flux of the highest energy 8B solar neutrinos is maximal. For a 10 MeV neutrino
with δm232 ∼ 2 × 10−3 eV2, assuming an electron density of ∼100 NA/cm3 in the neutrino production region, the
expansion parameter α is rather small:
α ∼ 3× 10−2. (18)
Using the recently measured value of θ13 at Daya Bay, we can calculate the corrections to the order α in Eq. (16). For
the term multiplying cos4 θ13 we get a correction of 0.27% and for the term multiplying sin
4 θ13 we can a correction of
about 11.7%. However this correction changes the latter term from 5.2×10−4 to 5.8×10−4 and can be safely ignored.
We conclude that calculations of the solar neutrino properties in the literature using Eq. (15) can be considered as
fairly reliable.
B. Supernova neutrinos
The location of the MSW resonance depends on the neutrino mass-squared differences. This puts the resonance
governed by δm221 at solar densities. For the resonance governed by δm
2
31, the appropriate matter density is a bit
higher and matter with this higher density exists in the outer shells of a supernova. Core-collapse supernovae are likely
sites for several nucleosynthesis scenarios. One of these is nucleosynthesis via neutrino-induced nucleon emission (the
ν-process). Rather general considerations, independent of the detailed dynamics of supernovae, suggest a hierarchy
of energies of neutrinos emitted from the proto-neutron star, namely Eνe < Eν¯e < Eνµ,ντ ,ν¯µ,ν¯τ [17]. In the presence of
non-zero values of θ13, the average energy of the electron antineutrinos taking part in the charged-current antineutrino
reactions is smaller for a normal mass hierarchy than for an inverted hierarchy. For the normal hierarchy electron
antineutrinos undergo no MSW resonance and energy hierarchy mentioned above holds. However for the inverted
hierarchy, if θ13 is large enough, MSW resonance is operational for antineutrinos in the outer shells of the supernova
and the hotter muon and tau antineutrinos can be converted into electron antineutrinos, Consequently it was pointed
some time ago that the synthesis of 11B and 7Li via in ν-process in supernovae is sensitive to the neutrino mass
hierarchy for not too small values of θ13 [18]:
11B is mainly produced through the neutral current reaction sequence
4He(ν, ν′p)3H(α, γ)7Li(α, γ)11B and the charged-current reaction sequence 4He(ν¯e, e+n)3H(α, γ)7Li(α, γ)11B. A small
amount (12 to 16%) of the 11B can also be produced in the He layer of the supernova from 12C through the neutral-
current reaction 12C(ν, ν′p)11B and the charged-current reaction 12C(ν¯e, e+p)11B. Because of the presence of the
MSW effect for the inverted hierarchy, muon and tau antineutrinos can be converted into more energetic electron
antineutrinos, boosting the nucleosynthesis yields outlined above. Clearly the yield of the 11B, synthesized in the
ν-process, would then depend on the value of θ13. Of course, the detection of the
7Li and 11B abundances in the
supernova material enriched by the ν-process is itself a very difficult task. However, it had been suggested some
time ago that materials synthesized in a supernova may be trapped within the SiC grains in carbonaceous chondrite
meteorites [19]. It turns out that such chondrites are studied extensively by geologists [20]. A recent study [21] found
that a particular meteorite may contain supernova-produced 11B and 7Li trapped in its grains. Motivated by this
finding and the recent precise measurements of the θ13, the authors of Ref. [22] carried out a Bayesian analysis of the
uncertainties in the measured meteoritic material as well as uncertainties of the supernova model calculations. They
found a marginal preference for the inverted hierarchy.
In a core-collapse supernova environment neutrino-neutrino interactions are no longer negligible as the gravitational
binding energy of the progenitor massive star is converted into ∼ 1058 neutrinos during the cooling process of the proto-
neutron star2. The resulting collective neutrino oscillations play a crucial role both for neutrinos and antineutrinos.
Since such collective neutrino oscillations dominate the neutrino propagation much deeper than the conventional
matter-induced MSW effect, they would impact r-process nucleosynthesis yields if core-collapse supernovae are shown
to be the appropriate sites. The quantity that governs the yields from the r-process nucleosynthesis is the neutron-
to-proton ratio (or equivalently the electron fraction). A preliminary investigation of the dependence of this ratio on
the neutrino mixing angle θ13 was given in Ref. [26] using the mean field approximation to the collective neutrino
oscillations. Although other rather interesting results already appeared in the literature [27], much work still needs
to be done in this direction.
Collective neutrino oscillations can also cause an interesting effect which may impact Li/B ratio, discussed above.
One of the consequences of the collective neutrino oscillations is that, at a particular energy, final neutrino energy
2 For recent reviews see Refs. [23], [24], and [25]
5spectra are almost completely divided into parts of different flavors [28–31]. These phenomena are called spectral
splits (or swappings). Once the neutrinos reach the He shells of the supernovae, complete swappings between electron
neutrinos (or antineutrinos) and other flavors would not be distinguishable from the adiabatic MSW oscillations
[32]. This suggests a re-analysis of the Li/B ratio taking into account both the matter-enhanced oscillations and the
collective effects.
IV. CONCLUSIONS
The neutrino mixing angle θ13 is well on its way to be the best known mixing angle. Contrary to the naive
expectations, it turned out to be relatively large (but not large enough to invalidate the perturbative expansion in
powers of its sine, widely used in solar neutrino physics). The full implications of the measured value of this angle
in supernova physics are yet to be completely explored. However this value, coupled with our understanding of
supernova nucleosynthesis and the fossil record of the ν-process produced 7Li and 11B, provides tantalizing hints
about the neutrino mass hierarchy.
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